In Brief
The processes which rate limit growth of photosynthetic organisms, where anabolic and catabolic metabolisms must be strictly regulated, are still controversial. Treves et al. show that metabolic flexibility in a desert green alga enables its unparalleled growth rate, providing a new dimension to current models, with polyamines playing a key role.
SUMMARY
The factors rate-limiting growth of photosynthetic organisms under optimal conditions are controversial [1] [2] [3] [4] [5] [6] [7] [8] . Adaptation to extreme environments is usually accompanied by reduced performance under optimal conditions [9, 10] . However, the green alga Chlorella ohadii, isolated from a harsh desert biological soil crust [11] [12] [13] [14] [15] [16] [17] , does not obey this rule. In addition to resistance to photodamage [17, 18] , it performs the fastest growth ever reported for photosynthetic eukaryotes. A multiphasic growth pattern (very fast growth [phase I], followed by growth retardation [phase II] and additional fast growth [phase III]) observed under constant illumination and temperature indicates synchronization of the algal population. Large physiological changes at transitions between growth phases suggest metabolic shifts. Indeed, metabolome analyses at points along the growth phases revealed large changes in the levels of many metabolites during growth with an overall rise during phase I and decline in phase II. Multivariate analysis of the metabolome data highlighted growth phase as the main factor contributing to observed metabolite variance. The analyses identified putrescine as the strongest predictive metabolite for growth phase and a putative growth regulator. Indeed, extracellular additions of polyamines strongly affected the growth rate in phase I and the growth arrest in phase II, with a marked effect on O 2 exchange. Our data implicate polyamines as the signals harmonizing metabolic shifts and suggest that metabolic flexibility enables the immense growth capabilities of C. ohadii. The data provide a new dimension to current models focusing on growth-limiting processes in photosynthetic organisms where the anabolic and catabolic metabolisms must be strictly regulated.
RESULTS

Growth Rate and Pattern
Growth of axenic Chlorella ohadii cultures was examined under a wide range of outdoor ( Figure S1A ) and controlled laboratory conditions, indicating that C. ohadii is among the fastest growing algae ever reported (see Table S1 ). When grown in photo-bioreactors under optimal conditions and continuous illumination, generation times as short as 1.5-2.0 hr were frequently recorded during the first 3 hr ( Figure S1D ). A multiphasic growth pattern was revealed during growth under high (HIL) or low (LIL) illumination (3,000 or 100 mmol photons m À2 s À1 ; Figures 1A and S2A, respectively) despite constant culturing conditions. The cells grew rapidly for about 15-20 hr (depending on initial cell density; phase I), performing a high photosynthetic rate. Then, abruptly, the growth rate declined for $6-8 hr (phase II) followed by an additional fast growth (phase III) for 7-9 hr. The highest photosynthetic rate (where the maximal O 2 level was observed) occurred at the transition between phases I and II, as if the cells were accumulating reserve resources for the next growth burst (see metabolome analyses, below). When the cultures resumed fast growth, in phase III, they first reduced net O 2 production, followed by fast net O 2 consumption and acidification of the medium presumably due to respiratory CO 2 release ( Figures 1A and  S2A) . Indeed, the rate of respiratory O 2 consumption (measured in darkness on samples withdrawn from the photo-bioreactor) was fastest during phase III and slowest during phase II (228.1 ± 10.1 and 111.8 ± 15.3 mmol O 2 mg À1 Chl h À1 , respectively), where the growth rate was slowest. Net O 2 exchange measured in the light on the same samples was À86.3 ± 21.6 and 268.2 ± 13.7, respectively. Phase III was followed by another growth arrest, during which the cells resumed net O 2 evolution and alkalization of the media (phase IV). Similar behavior was observed in cells exposed to HIL or LIL ( Figures 1A and S2A , respectively), although the growth rates, cell densities reached, and the amplitudes of the changes in pH and O 2 concentration increased with the rising irradiance. In addition, phase II was reached 1-2 hr earlier in cells exposed to the higher illumination. Use of inoculum with different cell densities altered the timing and length of the various growth phases, but the typical multiphase pattern was nevertheless observed ( Figure S2B ).
The Nature of the Observed Growth Pattern One could argue that the declining growth rate observed when the cultures entered phase II ( Figure 1A ) is due to the depletion of acetate from the tris acetate phosphate (TAP) medium and the time essential for the acclimation of the cells from photomixotrophic to photoautotrophic growth. However, in less than 5 hr after the beginning of the growth experiment, we could not detect acetate in the cells or their medium, whereas the inflection point between phases I and II occurred much later. Moreover, a sudden decline of the growth rate after 15-25 hr (depending on the light intensity) was also observed, although less pronounced, when the cells were grown photoautotrophically in tris phosphate (TP) medium with CO 2 in air as the sole carbon source (Figure S2C) . Furthermore, when TAP-grown cells were exposed to the HIL used here, they became fully acclimated to photoautotrophic growth with CO 2 as the sole C source in less than 2 hr ( Figure 5 in [17] ), i.e., much faster than the 15-20 hr required to reach the inflection point ( Figure 1A) . Notably, the presence of acetate inhibits C. ohadii acclimation to low CO 2 level [17] . Finally, the C. ohadii growth pattern ( Figures 1A and S2A ) was not observed when we grew Chlamydomonas reinhardtii under optimal conditions in photo-bioreactors or ( Figure S2D ) when C. sorokiniana was placed under identical conditions to Figure S2A (LIL to avoid culture bleaching at HIL [17] ). We conclude that the unique growth pattern observed in C. ohadii does not solely represent the acclimation from photomixotrophic to photoautotrophic growth. When grown under a 14 hr light:10 hr dark regime (inducing a circadian rhythm), C. ohadii cultures were synchronized as indicated, e.g., by the unified change in cell morphology with time ( Figure S3 ). In contrast, when grown under constant conditions (as in Figures 1A and S2A) , the cultures were not synchronized at least with respect to cell-cycle phase. Electron microscopy ( Figures 1B and 1C) showed various cell sizes and developmental stages in samples withdrawn during growth progression between phases I and II. Furthermore, examination of cell size distribution by a flow cytometer (fluorescence-activated cell sorting [FACS] ) and DNA content using DAPI staining ( Figures  1D and 1E, respectively) showed that the cultures did not reach a uniform phase in cell cycle at the inflection point between phases I and II.
When additional acetate was provided, the cultures showed a classical growth progression, without the intermediate slow phase, and the profile of O 2 concentration differed substantially from that observed in the control ( Figure S2E ). For example, the large spike of O 2 evolution at the interface between phases I and II ( Figure 1A) was not observed. Unexpectedly, despite the addition of acetate, which is readily used for C. ohadii growth even in The cells were grown in TAP medium [19] using a photo-bioreactor (http://psi.cz/products/photobio reactors/photobioreactor-fmt-1000), 35 C, and light intensity of 3,000 mmol photons m À2 s
À1
(HIL; A). Cell density (OD 735nm , green), pH (red), and oxygen level (blue) are shown. Growth was also examined by counting the cells; the correlation between cell count and OD 735nm is shown in Figure S1B . ). An optimal DAPI concentration range (1 mg mL À1 ) was determined by percentage staining. See also Figures S2-S4 and Table S1 .
darkness (Table S1 ), the maximal cell density reached was 30% lower than in the control (note that, at the densities reached, one must correct for the deviation from linear relations between cell count and optical density [OD]; Figure S1B ). As indicated (Figure S2D ), C. sorokiniana did not exhibit a multiphasic growth pattern (only diauxic when the cells were shifted between two organic carbon sources [20] ) and also reached a far lower cell density. We conclude that the shift between different growth phases of C. ohadii cultures is not driven by cell cycle but by metabolic shifts, as shown below.
Metabolome Analyses
Several observations suggested that the growth pattern is mediated by metabolic shifts. Most pronounced are the large changes in O 2 levels and pH ( Figures 1A and S2A ). The cultures shifted between bursts of O 2 evolution and a fast respiratory O 2 uptake. Alkalization during phase I (up to the pKa of the Tris buffer) and the acidification that follows most likely reflect net CO 2 utilization in photosynthesis (in phases I and II) but CO 2 release in respiration during the fast growth in phase III. This pattern suggested that, unlike phase I, growth in phase III relies on the respiratory consumption of reserve carbohydrates. Previously, we showed large accumulation of starch and carbohydrates in C. ohadii cells exposed to high illumination [17] . To test the proposed involvement of metabolic shifts, we performed primary metabolite analyses focusing on samples withdrawn in phases I and II of cells exposed to LIL or HIL (five time points marked in Figures 1A and S2A ), before and after the transition between phases I and II ( Figure 2A ). The analysis showed a rise in the levels, per cell, of many metabolites with growth progression and a far better clustering of the data with growth phase than with light intensity (see below). In view of these somewhat surprising results, biologically independent sampling of cells grown under HIL was repeated at 7 time points focusing on the transition between phases I and II, and the metabolic profiling was carried out by a different analytical setup ( Figure 2B ). In both datasets, the heatmaps show that the levels of most metabolites increased with progress toward the inflection point and declined thereafter. A few examples are provided in Figures 3A and S4. Importantly, when the levels of metabolites in the highand low-light experiments identified by the two completely independent experimental setups were normalized, they both clustered along the growth phase ( Figure 2C ), supporting the notion that the latter is the main variable governing the metabolome. We refer to the main carbon and fatty acid levels in the legend to Figure S4 . The level of most amino acids analyzed here increased substantially during phase I, supporting the fast growth, but declined thereafter in phase II. The strongest rise was seen in glutamine, alanine, and serine; that of threonine, tyrosine, and glycine increased far less ( Figures 3A and S4 ). One exception is proline, whose level initially rose but declined substantially thereafter, already during phase I. The reason for this decline is not clear but may be related to the changing level of polyamines (see below).
Principal-component analysis (PCA) shows that the two dominating variance components (accounting for 39% of total variance) separate the growth phases and are generally common for both light intensities (HIL and LIL). The transient separation of the light regimes occurs only in phases B and C, where the HIL samples are shifted toward sampling point D ( Figure 3B ). This observation indicates the differential effect of the light intensity on cells in various growth phases. It highlights that the phase-related change of metabolic activity in the HIL-treated cells is accelerated compared with those experiencing LIL, even when growth measurements indicate synchronicity. This finding is further supported by 2-way ANOVA analysis, indicating 71%, 6%, and 9% contribution of the phase, light, and phaselight interaction factor in the total metabolome variance, respectively (F-statistics p value % 1e À4 ). As the light intensity affected both photosynthesis [17] and growth rates ( Figures 1A and S2A) , it is not surprising that it also affected metabolic profiles ( Figures  S4E and S4F ). However, because the progression of the growth phases in both light regimes is similar, we assume that the putative metabolic regulators of the phase transitions should be generally insensitive to light conditions. Altogether, analyses of the metabolic profiles suggested that changes in metabolite levels best clustered with phase of the growth rather than light intensity.
Involvement of Polyamines-Putrescine and Spermine
Inspection of the ANOVA results and the loadings of PC1 highlighted a set of metabolic candidates strongly associated with growth phase transitions (Bonferroni-adjusted p value % 0.01). Among them, we observed the opposed response of a group of metabolites comprising putrescine, proline, and glutamic acid (and a few others) versus a group comprising threonine, galactose, and lactate (and a few others) as the most important factor distinguishing growth phases I and II ( Figure 4A ). A stringent statistical analysis (by 2-way ANOVA) underlined putrescine as the strongest predictive metabolite (p value of 6.46 À10 for the phase factor), but putrescine had no significant association with the light regime. Notably, the level of putrescine increased at the beginning of phase I, until time point C, but declined substantially thereafter ( Figure 4B ), prior to many other metabolites (compare with data in Figures 3A and S4A-S4C ). In view of the proposed role of putrescine (below), we also determined the polyamine levels in samples withdrawn during growth using high-performance liquid chromatography (HPLC) [21] . The data showed excellent agreement between the changing patterns of putrescine levels with growth determined by the two methodologies ( Figures 4B and S4D ). These data prompted us to examine the impact of externally supplied putrescine or spermine on C. ohadii's growth. When provided during the exponential growth in phase I (where indicated), 0.1 mM putrescine stimulated growth and the cultures entered phase II at a higher cell density ( Figure 4C ). When putrescine was provided at the beginning of phase II, growth retardation was significantly shorter and the rising growth rate normally observed in phase III was reached much earlier ( Figure 4D ). In contrast, addition of 0.1 mM spermine slightly slowed the growth in phase I ( Figure 4E ) but significantly extended the growth arrest in phase II ( Figure 4F ). Furthermore, putrescine addition significantly altered the O 2 level profile ( Figures 4G and 4H) ; net O 2 uptake was induced shortly thereafter, resembling the behavior of control cultures entering phase III. Because it is unlikely that the concentrations of polyamines provided here served as a significant C source compared with the initial acetate in the medium (and given that spermine inhibited, not stimulated, growth), we propose that they served as signal molecules (below). Taken together, the data implicated polyamines as surveillance metabolites potentially involved in the induction of metabolic shifts.
DISCUSSION
To the best of our knowledge, C. ohadii exhibits the fastest growth rate ever reported for a photosynthetic organism and close to the maximum attained by unicellular non-photosynthetic eukaryotes [3, [22] [23] [24] [25] . This is supported by a photosynthetic rate as high as 600-700 mmol O 2 mg À1 Chl h À1 [17] , i.e., 2-fold higher than observed in the Chlamydomonas mutant tla1 [26] , where the chlorophyll a:b ratio, 13:1, is identical to that naturally observed in C. ohadii [17] . This observation contradicts the long-standing notion that the ability to acclimate to extreme environments is accompanied by reduced performance under optimal conditions [9, 10] . For an unknown reason, large variability between the growth rates of Chlorella sp. strains were observed [27-29], from experiments where the cells were exposed to HIL. The heatmap consists of cell-density-and internal standard-normalized metabolite levels in rows and sampling time points and light levels in columns; blue (low) to yellow (high) color code indicates log 2 calculations of fold changes from internal standard levels. As explained, the analyses were performed in two laboratories, the Weizmann Institute of Science, Israel-the dataset shown in (A)Àand the Max-Planck Institute, Potsdam-Golm, Germany (B). In both setups, to correct for the fact that the cells were growing, the data were normalized to the OD 735nm of the cultures at the time of sampling. The correlation between OD and cell count is shown in Figure S1B .
(C) The levels of metabolites identified in both experimental setups were normalized followed by clustering as explained; for clarity, samples A3000-E3000 are presented also as the time elapsed to and from the inflection point (D in Figure 1A ). See also Figure S4 .
including C. sorokiniana [20, 30, 31] ; UTEX1230 used here is among the fastest C. sorokiniana strains [32] . C. ohadii growth is best described as a multiphasic growth pattern. Cultures synchronously switched growth at the transition between phases, although they were maintained under continuous illumination and constant temperature and regardless of the cell-cycle phase. The large and abrupt changes in O 2 exchange and pH suggested metabolic shifts. Indeed, the level of many metabolites identified here kept rising until I/II phase transition (Figures 2, 3, and S4 ). Several studies examined metabolic profiles in various algae [1, 20, [33] [34] [35] [36] [37] [38] [39] [40] [41] , but unfortunately they are comparable neither with respect to the conditions used nor the performance of the organism. One example is the seminal study of Wu and colleagues [42] that showed the effect of trophic conditions on metabolite pools and fluxes in Chlorella protothecoides, but the illumination used was only 20 mmol photons m À2 s À1 and the growth and photosynthetic rates were many fold lower than in C. ohadii. ''Locking'' C. ohadii's metabolism in photomixotrophic mode by excess acetate ( Figure S2E ) abolished the multiphasic pattern and significantly reduced the cell density achieved. In this respect, lack of multiphasic growth pattern and lower maximal cell densities reached by C. sorokiniana (which may be regarded as a natural variant of C. ohadii) highlight the role played by the growth pattern in C. ohadii performance. The multiphasic growth pattern clearly indicated that the C. ohadii population was subjected to synchronized growth control, but the nature of the signal harmonizing the cells was not immediately apparent. The metabolite profiles, the role putrescine plays as a predictive metabolite for growth phase (Figure 4A) , and the marked effect of polyamine addition on the growth pattern and O 2 profiles (Figure 4 ) implicate them as possible inducers of metabolic shifts. Polyamines are known to interact with DNA [43] [44] [45] [46] and may thus be involved in numerous cellular functions. However, despite intensive research, their role and mechanism of action in algae and higher plants are still poorly understood. Modulation of their levels influences growth, cell division, metabolite profiles, transcriptome patterns, responses to stressors (e.g., salinity and oxidative stress), and other physiological functions [21, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . In synchronized C. reinhardtii cultures, transition to the cell division phase was preceded by a 4-fold increase in ornithine decarboxylase activity Figure 1A . T-6 till T+3.5 are hours before and after that inflection point. Note that the changing, not the absolute, levels are depicted. Data represent independent biological triplicate for each sample and are normalized to cell density and sorbitol (internal standard). The cells were exposed to HIL in the photobioreactor as in Figure 1A . Error bars represent SD. (B) PCA of primary metabolites levels. The HIL-and LIL-treated samples are represented by blue and red, respectively, with increasing intensity along the time of sampling timing shown in Figures 1A and S2A . See also Figure S4 .
(legend on next page) and a 10-fold increase in putrescine level. Spermine, on the other hand, induced cell-cycle arrest that could be alleviated by subsequent addition of spermidine or putrescine [48, 59] . Spermine was not detected by the two methodologies used here or in C. reinhardtii [48, 59] , but its opposing (to that of putrescine) impact on the growth pattern suggested that the polyamine did not merely serve as added metabolites. Attempts to inhibit putrescine biosynthesis in intact C. ohadii cells using difluoromethylornithine, commonly used with cells lysates, failed to alter the growth pattern; possibly it did not penetrate the cells.
A recent study on Arabidopsis implicated a transcription factor, PtrNAC72, as a repressor of putrescine biosynthesis and thereby its drought and oxidative stress responses [60] , but we could not detect a homologous gene in C. ohadii. The importance of polyamine catabolism was also demonstrated in Arabidopsis. Mutants impaired in spermine oxidases showed enhanced salt resistance and delayed senescence in darkness. Altered polyamine levels in the mutants were implicated in metabolic reprograming [21, 54] . Homologous polyamine oxidase genes were identified in C. ohadii. Their role will be examined once we complete development of a reliable genetic manipulation protocol.
In conclusion, two opposing approaches govern our current understanding of the factors rate-limiting organism growth. Elser and colleagues suggested that nutrients and especially phosphate availability plays a major role because the ribosome content (rich in P) determines the growth rate [6, 7] . However, after analyzing various cases of algal growth under a range of environmental conditions, Flynn and colleagues [3] concluded that, for the most part, the growth hypothesis is not applicable for phytoplankton. Burnap and others [8] (and references therein) raised the ''proteomic constraint'' hypothesis, suggesting that physical limits of cellular space in conjunction with cell surface-to-volume ratios represent the underlying constraints on the maximal growth rate of autotrophic microbes. Here, it is proposed that the cellular amount of the total proteome and diffusion within cells rate limits growth. Our data implicate the levels of polyamines as candidate signals of metabolic shifts and culture synchronization and thereby provide a new dimension to growth-limiting theories. We submit that the immense growth capability of C. ohadii is a result of its metabolic flexibility that enables fast shifts from one trophic metabolism to another. Thus, we propose that C. ohadii may serve as an ideal candidate to further study metabolic regulation as the rate-limiting process of photosynthetic cell growth. Further, we propose that the harsh environmental conditions in its natural habitat, particularly the short duration of coinciding sufficient humidity and illumination to sustain metabolic activity, constitute an important evolutionary driving force toward a fast growth rate in C. ohadii.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Figure 3B highlights responses of putrescine, proline, and glutamic acid group as the most important factor separating the growth stages with similar interaction with PC1. Metabolites significantly related to the phase factor (p value % 0.01) are highlighted. (B) Putrescine, glutamic acid, and proline levels at the various phases of C. ohadii growth shown in Figure 1A . Small box depicts putrescine variance in different samples. Note that the changing, not the absolute, levels are depicted and also the peak phase shift of putrescine compared with most other metabolites (Figures 3 and S4) . The metabolite levels were adjusted to 1.0 at point A of the growth curves. Error bars represent SD. 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Aaron Kaplan (aaron.kaplan@mail.huji.ac.il). Note that many more growth experiments were performed under a range of light, temperature and nutrient conditions. Those are available to the reader upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Growth conditions C. ohadii was isolated from a desert sand crust, as described [18] . Batch cultures of C. ohadii and C. sorokiniana were grown in Erlenmeyer flasks, on a shaker, in medium TAP (Tris, Acetate, Phosphate buffer), or TAP without acetate at 30 C, 100 RPM, 100 mmol photons m À2 $s À1 .
Growth in batch and photobioreactor cultures Growth rates were assessed by several means including cell counting, optical density (the correlation between cell count and OD 735nm in samples withdrawn from cultures maintained under the range of conditions used here is shown in Figure S2A ), chlorophyll content as described in [17] , and fluorescence-activated cell sorting (FACS). Batch cultures were grown in Erlenmeyer flasks, on a shaker, in medium TAP (Tris, Acetate, Phosphate buffer [19] at 35 C, 100 RPM, 100 mmol photons m À2 $s À1 . The data presented in Table S1 where we compare the growth rates of C. ohadii and C. sorokiniana were obtained from such experiments. The data presented in Figures 1, 4 , S1, and S2 were derived from experiments where the cells were grown in flat panel photobioreactors (FMT-150, (PSI, Drasov, Czech Republic), previously described [63, 64] . Unless specified otherwise, the experiments were initiated at low cell density corresponding to OD 735nm = 0.02, the culture temperature was stabilized at 35.0 ± 0.3 C and irradiance was 3000 mmol photons m À2 s À1 (HIL). Air bubbling was supplied using an air-pump at $100 mL min -1 , pH, dissolved oxygen concentration, OD 680nm and OD 735nm were monitored in situ every 5 min as described in [63, 64] . Additions of acetate, putrescine, spermine, various amino acids and ODC inhibitor (DFMO) to cultures were performed in 1ml aliquots (20, 0.1, 0.1, 0.1 and 1 mM in water, respectively, adjusted to pH 7.2). Using the photo-bioreactors we examined growth over a temperature range of 15-40 C, light intensities from darkness to HIL, photoautotrophic (where the CO 2 source was either air or 5% CO 2 in air), photomixotrophic (in the presence of acetate) and heterotrophic (growth in darkness with acetate as the sole carbon source) conditions.
METHOD DETAILS
Microscopy TEM Microscopy TEM was performed as in [17, 18] . Briefly, samples were centrifuged at 6,000 g for 5 min in Eppendorf tubes. Pellets were fixed in 0.5 mL fixative (2% formaldehyde and 2.5% glutaraldehyde in cacodylate buffer 0.1 M pH = 7.4) overnight. Pellets were then centrifuged at 10,000 g for 2 min and the fixative was discarded, followed by incubation of the pellets in 0.5 mL fixative (1% OsO 4 in 0.1 M cacodylate buffer + 1.5% potassium ferricyanide) for 1 hr. Samples were then incubated in ascending concentrations of ethanol for dehydration, embedded in resin molds and baked at 60 C for 48 hr. Blocks were cut using LKB 8800 Ultrotome 3. Between 70-90 nm sections were collected on 200 nm thin bar copper grids and then stained with 5% aqueous uranyl acetate solution and lead citrate. Thin sections were observed with a Tecnai 12 (FEI Phillips, Eindhoven, the Netherlands) electron REAGENT 
Flow cytometry
Cells were harvested (1 mL) at different time points along the growth curve, fixed with 70% ethanol for 30 min, washed, and stained with DAPI (1 mg mL -1 , Thermo-Fisher Scientific, MA, USA) 5 min prior to analysis. Flow cytometry analyses were performed using a FACS Aria III flow cytometer-sorter using 405 nm lasers (BD Biosciences, San Jose, CA, USA) and all flow cytometry data were analyzed with FACSDiva software (BD Biosciences).
Sampling for metabolite profiling A modified version of [65] was used for sampling procedure and extraction. Samples of 5 mL cells were withdrawn from the photobioreactors and filtered (0.45 mm nitrocellulose filters, Sigma-Aldrich Chemie GmbH, Munich, Germany) in deem light without any subsequent washing. The filters bearing the cells were placed into 2 mL Eppendorf tubes, frozen in liquid nitrogen and stored at À80 C within < 30 s. In Weizmann, metabolites were extracted by premixing with 1 mL methyl-tert-butyl-ether, 250 mL methanol and 60 mL of internal standard (0.2 mg of ribitol in 1 mL of water). Each sample was mixed thoroughly at least 1 min and incubated in an ultra-sonification bath for 5 min for complete suspension. Finally, phase separation was induced by 5 min centrifugation at 14,000 rpm using an Eppendorf 5417 microcentrifuge. An aliquot of the polar phase (600 mL) was taken and lyophilized. In Golm, metabolites were extracted by premixing with 630 mL 100% methanol pre-cooled at À20 C, 60 mL 0.2 mg/ml nonadecanoic acid methylester in chloroform, and 30 mL of a pre-mixture made from sorbitol (0.2 mg/ml sorbitol in water). Each sample was mixed thoroughly at least 1 min and incubated for 1 hr at 4 C (shaking). Afterward samples were put in an ultra-sonification bath for 5 min for complete suspension. Finally, 400 mL chloroform were added to each sample, and the sample incubated for 5 min at 37 C. After the addition of 800 mL water, samples were mixed and phase separation induced by 5 min centrifugation at 14,000 rpm using an Eppendorf 5417 microcentrifuge. An aliquot of the polar phase (600 mL) was taken and dried.
Metabolite profiling
In Weizmann, as described in [66] . Briefly, The dried material was re-dissolved and derivatized for 90 min at 37 C (in 40 mL of 20 mg mL -1 methoxyamine hydrochloride in pyridine), followed by a 30 min treatment with 70 mL of N-methyl-N(trimethylsilyl) trifluoroacetamide at 37 C and centrifugation. Sample volumes of 1 mL were injected into the GC column for sugar analysis, and sample volumes of 1.5 mL were injected for lower abundance metabolite detection. A retention time standard mixture (14 mg mL -1 each of n-dodecane, n-pentadecane, n-nonadecane, n-docosane, n-octacosane, n-dotriacontane, and n-hexatriacontane in pyridine) was injected after each set of six samples. The GC-MS system was composed of a COMBI PAL autosampler (CTC analytics), a Trace GC Ultra gas chromatograph equipped with a PTVinjector, and a DSQ quadrupole mass spectrometer (ThermoElectron). GC was performed on a 30-m x 0.25-mm x 0.25-mm Zebron ZB-5ms MS column (Phenomenex) according to [66] . Both the reconstructed ion chromatograms and mass spectra were evaluated using the Xcalibur software version 2.0.7 (ThermoFinnigan). Compounds were identified by comparison of their retention index and mass spectra with those generated for authentic standards analyzed on our instrument. When the corresponding standards were not available, compounds were putatively identified by comparison of their retention index and mass spectra with those present in the mass spectra library of the Max-Planck-Institute for Plant Physiology in Golm, Germany (Q_MSRI_ID, http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/msri/gmd_msri.html) and the commercial mass spectra library NIST05 (http://www.nist.gov/). The response values for metabolites resulting from the Xcalibur processing method were normalized to the ribitol internal standard.
In Golm, metabolites were methoxyaminated and trimethylsilylated manually as previously described [67] . Briefly, dried metabolic extracts in 1.1 CTVG crimp-cap vials were agitated twice for 45 min at 40 C with 10 mL of fresh metoxyamination reagent (10 mg mL
The level of polyamines In addition to metabolome analysis as described above, the levels of putrescine and spermidine was determined by high-performance liquid chromatography (HPLC) separation of dansyl chloride-derived polyamines according to [21] . The analysis did not detect spermine in the samples. Those were withdrawn at the same time points during growth as for the metabolome analysis shown in Figure 1A .
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of GC-MS data
Prior to the statistical analysis data were log transformed, mean centered and unit variance scaled (Figure 2 ). SVD-based PCA analysis ( Figures 3B, S4E , and S4F) was performed using pcaMethods v1.54.0 package [61] in the R environment [62] . ANOVA has been performed using limma package v3.20.9 [75] using a linear interaction model of developmental stage and treatment factors. Significance has been corrected using Benjamini-Hochberg FDR analysis.
DATA AND SOFTWARE AVAILABILITY
The metabolic profiles raw data have been deposited in the Mendeley Data repository at http://dx.doi.org/10.17632/vyhs3g7j4j.1 (Weizmann dataset) and http://dx.doi.org/10.17632/t79fx4nmxx.1 (MPIMP dataset).
